A B S T R A C T The process by which various anions, including bilirubin and several dyes, drugs, hormones and their metabolites, are transferred from plasma into the liver cell is poorly understood. Two hepatic cytoplasmic proteins, Y and Z, that bind various organic anions in vivo and in vitro have been postulated to be involved in this process.
The concentration of Y, the major organic anionbinding protein, increases in rat liver after administration of phenobarbital in association with enhanced organic anion transfer from plasma into liver as determined by initial plasma disappearance rate (K1) and hepatic dye content for sulfobromophthalein (BSP) and indocyanine green (ICG), as well as increased relative hepatic storage of BSP. Acute bile duct ligation failed to alter plasma disappearance or hepatic content of BSP in normal or phenobarbital-treated rats.
Other drugs and chemicals which cause proliferation of hepatic smooth endoplasmic reticulum and enhancement of drug metabolism, such as allylisopropylacetamide, dieldrin, DDT, 3-methylcholanthrene, and benzpyrene increased Y and BSP K1 and, where studied, hepatic BSP content. Alcohol feeding had no effect on INTRODUCTION Two cytoplasmic protein fractions, Y and Z, that bind bilirubin, sulfobromsulphalein (BSP),' and other organic anions in vivo and in vitro have been identified in vertebrate liver (1, 2) . Y was measured in various rat tissues using a dye-binding technique, and was present exclusively in liver, whereas Z is also present in small in-testinal mucosa (1) . A specific Y protein and a specific Z protein have been purified and characterized and are responsible for the major portion of organic anion binding by each fraction2 (3) . We have proposed that Y and Z proteins may be involved in the selectivity with which various organic anions are transferred from plasma into the liver cell. This hypothesis is based on (a) the tissue distribution of Y and Z (1); (b) competition between several organic anions for uptake in vivo and binding to Y and Z in vitro (1) ; (c) ontogenetic development of Y, the major organic anionbinding protein (1) in guinea pig (4) and in monkey (5); (d) apparent absence of Y and Z in fish and gillbreathing amphibia which lack selective hepatic BSP uptake (2) , and (e) presence of Y and Z in liver from lung-breathing amphibia, reptiles, birds, and mammals, including man, which manifest selective hepatic organic anion uptake in vivo (2) . In addition, (f) the concentration of Y in rat liver increases after administration of phenobarbital simultaneously with increased initial plasma disappearance rate (K1) of BSP which was used as an indirect measure of hepatic BSP uptake (6) .
In the present experiments, we have sought to confirm that hepatic organic anion uptake is increased after phenobarbital administration by estimating Y and Z as well as hepatic dye content and K1 in rats utilizing BSP and indocyanine green (ICG), a nonmetabolized organic anion. Various drugs and chemicals, previously shown to result in hepatic smooth endoplasmic reticulum proliferation, increased the hepatic concentration of Y and enhanced hepatic uptake of BSP as determined by K1 and, when studied, hepatic dye content. In order to investigate hormonal control of Y and Z, similar studies were performed in hypophysectomized and thyroidectomized rats and mice with an inheritable pituitary deficiency before and after treatment with various hormones and drugs.
Because ethinyl estradiol, which produces bile secretory failure (cholestasis) in rats (7) , reduced Y and Z, the effect of mechanical cholestasis on the concentration of Y and Z was also investigated. Hormones. L-Thyroxine dissolved in 0.9% NaCl, was administered daily as follows: normal rats, 5 ,ug/100 g for 6 days; hypophysectomized rats, 14 pg/100 g for 6 days, and thyroidectomized rats, 0.9-5.5 ,ug/100 g for 6 days.
METHODS
Hydrocortisone sodium succinate, dissolved in 0.9% NaCl, was administered daily to normal rats (96 or 250 ,ug/100 g for 8 days) and hypophysectomized (100 ,ug/100 g for 8 or 13 days).
Testosterone propionate, dissolved in corn oil, was injected into normal male rats (0.7 mg/100 g for 6 days).
Ethinyl estradiol was dissolved in corn oil. Female normal rats received 0.75 mg/100 g daily for 11 days.
Control groups consisted of three or four normal, hypophysectomized, or thyroidectomized rats, and DW/J or dw/dw mice which received similar volumes of saline or oil injections for 6-10 days. The results in these animals were similar to those observed in untreated animals. Data obtained from adult male rats injected as controls were pooled with results from 11 untreated animals and used as "normals" for statistical comparison with results from drug or hormone-injected male rats. Methods. All experiments were performed 15-20 hr after the last injection. Y and Z protein fractions were quantitated using a standard procedure which has been demonstrated to be reproducible (1) . Portions of 100,000 g supernate, representing 1 g of liver from each animal, were mixed with 3.75 mg of BSP and placed on a Sephadex G-75 column (2.5 X 43 cm). Elution was performed with 0.01 M phosphate buffer, pH 7.4, using pump-driven upward flow. Protein concentration was estimated by absorbance at 280 meu, and protein-bound BSP by absorbance after alkalinization with NaOH at 580 mu using a Beckman-Gilford Spectrophotometer (Beckman Instruments, Fullerton, Calif.). Y and Z fractions were measured by triangulation of the area under each peak of 580 m~u absorbance and expressed as units/gram of liver or units/100 g body weight. 1 unit is arbitrarily equivalent to 1 mg of BSP bound per fraction. Liver weight was determined before perfusion but after the organ was washed in cold saline and subsequently blotted. Y and Z were quantitated in livers of animals which received BSP injections for plasma disappearance studies. The background of BSP in these livers did not affect quantitation of Y and Z as excess BSP was added before fractionation on Sephadex G-75.
In separate experiments, Y and Z proteins were quantitated by acrylamide gel electrophoresis and densitometry. Portions of 100,000 g supernate, equivalent to 4 g of rat liver, were mixed with 7.5 mg of BSP and chromatographed on a Sephadex G-75 column (3 X 90 cm). Similar volumes of eluate from the peak tubes in each fraction were concentrated 5 times (Y fraction) or 15 times (Z fraction) by ultrafiltration. Portions of eluate representing similar volumes of each original fraction were submitted to vertical electrophoresis (E-C Apparatus Corp., Philadelphia, Penn.) in 5% acrylamide gel in 0.1 M barbital HCI, pH 9.6. The protein bands were stained with Amido-Schwarz and quantitated using a recording densitomer. Any BSP which was present in Y or Z fraction was removed during electrophoresis and did not interfere with the study of proteins. Y and Z proteins were identified and quantitated densitometrically by comparison with known amounts of standard purified protein which was electrophoresed simultaneously in each gel. Standard optical density-concentration curves using purified rat albumin and Y protein were obtained under the same conditions. Y concentrations from 5 to 175 /ug per gel slot gave straight lines after densitometry.
Each sample contained less than 150 ,ug of Y or Z proteins.
Because there is no completely satisfactory method for quantitating plasma-liver cell bidirectional organic aniontransfer rates, the following indirect measures were used:
1. The initial disappearance rates from plasma of single intravenous doses of BSP (5 mg/100 g) or ICG (1 mg/100 g), expressed as the first order rate-constant, K1, were determined from four to eight carefully timed plasma samples obtained from 2 to 7 min after dye administration (10, 11 ).
2. 5i min after intravenous administration of BSP to rats, which were lightly anesthetized with ether, laparotomy was performed and, in less than 1 min, the liver was removed, weighed, and rapidly perfused through the hepatic and/or portal vein with 10-20 ml 0.9% NaCl in order to remove blood. A 10% liver homogenate was prepared in distilled water and 1 ml of saturated toluenosulfonate was mixed with each 1 ml of homogenate. 1.0 ml of 50% trichloroacetic acid was added to precipitate proteins from which BSP had been displaced. After centrifugation for 20 min at 2000 rpm in an International centrifuge, the supernate was filtered through Whatman No. 2 filter paper. 5 ml of clear supernatant, 2 ml of concentrated NaOH, and 3.0 ml distilled water were mixed, and optical density of the solution was determined in a Beckman DU spectrophotometer at 580 mA. BSP was quantitated from a standard curve prepared after similar analysis of known amounts of the dye. ICG was estimated in liver homogenates after perfusion in a similar manner. The toluenosulfonate-treated filtrate was neutralized, brought to pH 7.0-7.4 with NaOH, and 5 ml of filtrate was diluted with distilled water and read against blank at 800 mu in a Beckman DU spectrophotometer. ICG was quantitated by comparison with a standard curve prepared with known amounts of the dye. Recovery of BSP or ICG added to rat liver homogenates in the range found in various experiments ranged from 78 to 96%. Benzpyrene and phenobarbital added in excess to liver homogenate or plasma did not interfere with the chemical estimation of BSP in plasma or liver. In several control and drug-treated rats, bile duct and duodenal contents were examined visually during laparotomy for ICG and for BSP after alkalinization with NaOH; no dye was apparent. A small terminal sample of the liver perfusion was tested and trace amounts of dye were present but were not quantitated.
3. BSP hepatic removal rate, relative storage capacity (S), and transport maximum (Tm) were determined in four rats which received 8 mg phenobarbital/100 g daily for 4 days; four rats which received a similar daily dose of phenobarbital for 15 days, and seven saline-injected controls, using the modifications proposed by Klaasen and Plaa (12) of the method of Wheeler, Meltzer, and Bradley (13) . Under phenobarbital anesthesia, BSP (2.5 mg/min per kg) was infused intravenously for 90 min at a constant rate (0.034 ml/min) by a motor-driven pump (Harvard Apparatus Co., Inc., Millis, Mass.). Plasma volume was determined by plasma dilution of intravenously administered Evans blue (T-1824) (14) . 4 . In an effort to minimize the possibility that phenobarbital increased K1 by increasing bile flow, K1, Y, and Z, and hepatic BSP content were determined after bile duct ligation which was performed under light ether anesthesia An increase in K1 under these circumstances probably reflects enhanced hepatic uptake rather than biliary excretion.
The effect of chronic biliary obstruction on K1, Y, and Z, and hepatic BSP content was studied 3 days (three rats), 6 days (three rats), or 12 days (two rats) after bile duct ligation and section.
During experiments requiring anesthesia, rectal temperature was monitored and maintained at 37-380C with a heating lamp.
Student's t test and Pearson's correlation coefficient were used for statistical analysis of results (15) . P values equal to or less than 0.05 were considered significant.
RESULTS
The following results concern the relationship between changes in Y and various measures of hepatic organic anion uptake in normal and phenobarbital-treated rats:
1. Table I was 0.218 +-0.007; in 4 other normal rats, hepatic ICG content 51 min after injection of 1 mg dye/100 g was 0.49 ±0.09 mg/100 g. In nine rats pretreated with 8 mg phenobarbital/100 g body weight for 10 days, K1 for ICG was 0.269 +0.016; in four rats similarly pretreated, hepatic ICG content was 0.61 ±0.11 mg/100 g. Differences in K1 and ICG content of liver between control and treated rats were statistically significant (P < 0.01). 3. Phenobarbital administration for 4 days significantly increased BSP removal rate, and S without increasing Tm, bile flow, or bile BSP concentration (Table II) . Phenobarbital administration for 14 days increased bile flow, bile BSP concentration, and Tm; S was not significantly increased. K1 and Y were increased by phenobarbital pretreatment (P < 0.02 and 0.001, respectively), even when the common bile duct was acutely ligated for 15 min before measurement of these parameters (Fig. 1) . Hepatic BSP content was not measured in these animals. The results are similar to those observed in normal rats (Table I) .
Because in another study (16) , phenobarbital administration failed to increase BSP binding by rat liver cyto- plasmic proteins, the possibility that strain or sex differences were involved in this effect was investigated. Phenobarbital administration increased Y and simultaneously increased K1 in Sprague-Dawley rats of both sexes, and in male Long Evans and Gunn rats ( Administration of phenobarbital, AIA, dieldrin, DDT, benzpyrene, and 3-methylcholanthrene increased Y, K1, and liver weight relative to body weight in each group (Fig. 3) . DDT and dieldrin administration reduced Z by 20 to 60%. BSP content of liver was increased after benzpyrene administration by 18, 29% (two rats); after 0.3OQ- UZO.200 AIA by 21, 29% (two rats), and after DDT by 18, 24% (two rats).
In 32 normal and 39 drug-treated male rats in which K1 and Y were determined, Pearson's correlation coefficient was 0.72 (P < 0.02). Pearson's correlation coefficient between hepatic BSP content, measured in 4 normal and 25 drug-treated rats, and K1, measured in 32 normal and 39 drug-treated rats was 0.86 (P < 0.02). In the same rats, the correlation coefficient between hepatic BSP content and Y was 0.84 (P < 0.05).
In eight alcohol-fed rats, Y was 0.47 +0.02 (SE) and Z was 0.11 ±0.03 (SE). BSP K1 was measured in other similarly fed rats and did not differ from results obtained in pair-fed controls.
The effect of several hormones on K1, Y, and Z was studied in rats of both sexes. Dose and length of treatment are indicated in Methods. Thyroxine or testosterone did not alter K1, Y, Z, or liver/body weight ratios. Hydrocortisone (96 /Lg/100 g) did not increase K1 or Y in five rats; however, in five rats receiving 250
Ag/I100 g, K increased by 25% and Y increased by 10% when compared to saline-injected control rats. Ethinylestradiol administration to four female rats resulted in 55% reduction in Y, (P < 0.05), 49% reduction in K1 (P < 0.05); 42% reduction in Z (P < 0.001), and liver/body weight ratios were unchanged.
Hypophysectomy in male rats resulted in rapid increase in Y and a slow decrease in Z (Fig. 4) . 7 days after hypophysectomy, Y increased 80% over control values (P < 0.05) and did not change 40 or 280 days after operation. Z was unchanged 7 days after hypophysectomy, but was reduced to 40% of normal at 40 and 
Body weigh %) 3 (Fig. 5) . In the doses used, DDT and 3-methylcholanthrene did not alter Y, Z, K1, or liver/body weight ratio.
It was difficult to obtain adequately timed blood samples in hypophysectomized rats, which explains the different number of K1 determinations compared with Y and Z measurements. In four phenobarbital injected hypophysectomized rats, K1 increased but was not significantly different from K1 in normal rats. In two similarly treated hypophysectomized rats, hepatic BSP content was within the normal range.
Hydrocortisone, testosterone, or progesterone, injected daily for 8 days in hypophysectomized rats, did not change the concentration of Y or Z (P > 0.05), (Fig.  6 ). Thyroxine reduced Y to normal levels (P < 0.01 when compared with results in hypophysectomized rats) but did not change Z. K1 was not significantly modified in hypophysectomized rats treated with hydrocortisone or testosterone (P > 0.05); however, thyroxine (14 /Lg/100 g) restored K1 to normal in hypophysectomized rats (P < 0.01 when compared with results in hypophysectomized rats).
Because thyroxine was the only hormone tested which returned Y and K1 to normal in hypophysectomized (4) (0 (Table III) . The correlation coefficients between Y and Z measured by both methods were 0.99 and 0.83, respectively. Increase in Y concentration was observed in hypophysectomized or thyroidectomized rats, and was restored to normal after thyroxine administration. Phenobarbital administered to hypophysectomized rats gave the greatest increase in Y. Z decreased in all experiments.
Y and Z in Snell's hypopituitary mutant (dw/dw) and heterozygous mice (DW/J), and the effect of phenobarbital and thyroxine are shown in Y to normal and slightly reduced Z. No studies of hepatic dye uptake were performed, as mutants weigh olily 5-6 g. The effect of chronic mechanical cholestasis produced by common bile duct ligation is shown in Fig. 9 , and Table IV. Y and Z for BSP and hepatic BSP content progressively decreased. The results are comparable with the effects of prolonged administration of ethinyl estradiol in doses which result in bile secretory failure (7) . Y and Z were measured densitometrically as well as by BSP binding using Sephadex G75 (Table IV) and the results with each method showed correlation coefficients of 0.95 for Y, and 0.98 for Z.
DISCUSSION
We have previously reported that after phenobarbital administration to rats, Y, the major hepatic cytoplasmic organic anion-binding protein, increases progressively to attain maximal values by 6 days and returns to normal approximately 9 days after drug withdrawal (6) . The full time course of response coincided with an increase in the initial plasma disappearance rate (K1) of intravenously administered BSP used as an indirect measure of hepatic uptake of an organic anion (7) . Using a different method of preparation, Grodsky, Kolb, Fanska, and Nemechek (16) described a bilirubin and BSPbinding protein fraction in rat liver; however, dye binding by this fraction was not increased after phenobarbital administration. In the present experiments, correlation was shown between the dose of phenobarbital and increase in Y, K1, and hepatic content of BSP. 8 mg of phenobarbital/100 g maximally increased Y and, therefore, was used in subsequent experiments in adult rats. Strain and sex differences in hepatic drug metabolism and biliary excretory capacity for organic anions, including bilirubin and BSP, have been reported in rats (17) (18) (19) (20) (21) . In the present study, the response of Y and K1 after phenobarbital administration was not unique to either sex or to a specific strain of rat. In SpragueDawley rats of both sexes, and male rats of three different strains, Y increased significantly after administration of a fixed dose of phenobarbital for 6 days and simultaneously, K1 for BSP increased. Although sex and strain differences were found in the amounts of Y and Z in untreated rats, the magnitude of the response (1) . In the present study, a standardized gel filtration system was utilized and its reproducibility has been previously established. In some experiments, Y and Z were separately quantitated by densitometry after gel electrophoresis. The results correlated well with results obtained by dye binding on Sephadex (Tables III, IV) .
The transfer of BSP from plasma to bile includes uptake into the liver cell, storage, partial conjugation with glutathione, and subsequent excretion into the bile canaliculus. Each of these parameters may be increased after phenobarbital administration (20) (21) (22) (23) and increased BSP plasma disappearance could theoretically result from any or several of these effects. In the present studies, enhanced hepatic dye uptake probably occurs after drug administration for the following reasons: (a) initial plasma BSP disappearance rate was increased when determined 2-7 min after a single intravenous injection when exponential disappearance of dye is significantly influenced by hepatic uptake (10); (b) suppression of bile flow by acute bile duct ligation did not eliminate the increase in K1 for BSP in rats treated with phenobarbital; (c) K1 for ICG, an organic anion which is also selectively and rapidly transferred from plasma to bile but without biotransformation in the liver (24) , also increased after phenobarbital administration; (d) hepatic content of BSP and ICG were increased after phenobarbital administration, and (e) relative hepatic storage of BSP was increased in rats treated with 8 mg phenobarbital/day for 4 days at a time when Tm, but not bile flow was unaffected. Relative hepatic storage of BSP was not significantly different from normal in rats treated with phenobarbital for 14 days, at which time bile flow and Tm were increased (Table III) .
Hepatic uptake in terms of bidirectional molecular transfer across the plasma membrane cannot be measured directly. BSP is partially bound to serum albumin (25) and a nonenergy-dependent mechanism for its rapid and selective transfer into the liver has been proposed (26) . Direct measurement of hepatic BSP uptake requires simultaneous kinetic estimates of bidirectional flux across the hepatic cell plasma membrane. Neither plasma disappearance data nor measurements of hepatic dye content are entirely satisfactory as measures of hepatic organic anion uptake. Each method has several assumptions which may be questioned. However, in the present study in normal rats, each of five different estimates of hepatic uptake increased in association with an increase in Y.
Administration of AIA, dieldrin, DDT, benzpyrene, and 3-methylcholanthrene results in proliferation of hepatic smooth endoplasmic reticulum, and increase in various drug metabolizing enzymes and other hepatic microsomal proteins (27) .' When administered to normal adult rats, these drugs produced effects similar to phenobarbital; Y increased whereas Z was normal or decreased. When measured, hepatic BSP content increased. The relationship between interaction of the "inducer," hepatic endoplasmic reticulum, and increased Y concentration requires further study.
Female rats receiving ethinyl estradiol in a dose
shown to produce cholestasis (7) (31) .
Thyroxine was the only hormone tested which, in physiologic doses, restored the concentration of Y to normal in hypophysectomized and thyroidectomized rats. Z increased after thyroxine administration only in thyroidectomized rats. In these animals, weight gain and general improvement were obvious; K1 and where studied, BSP content became normal. In hypophysectomized animals, changes in weight and body temperature were minimal during thyroxine administration, and K1 returned to normal only in animals treated with large doses of the hormone. In dw/dw mice, thyroxine restored Y to normal. Thyroxine administration did not increase K1 beyond normal values whether the hormone was administered to normal, hypophysectomized, or thyroidectomized rats. These observations suggest that thyroid hormone is important in the control of Y and perhaps Z.
Increase in plasma disappearance of drugs has been observed in animals pretreated with several drugs and chemicals, including phenobarbital, insecticides, and carcinogens,' and in man after administration of phenobarbital and other drugs or exposure to insecticides (29) . This 
